The goal of the present study was to search for criteria that allow one to distinguish between normal individuals and heterozygotes as well as compound heterozygotes for pyruvate kinase (PK) deficiency. As the residual activity of PK with heterozygotes was between 35% and 110% of the normal activity, it was necessary to find other methods to prove heterozygosity. The PK in the hemolysates of 23 patients suffering from PK deficiency, 36 paternal and maternal enzymes as well as the enzymes of five heterozygous and four normal siblings together with those of 20 normal individuals, were studied according to the recommendations of the International Committee for Standardization in Haematology. The following hematological and enzyme kinetic parameters can serve to identify heterozygotes for PK deficiency: 1) a slight reticulocytosis, 2) an up-to-twofold increase of the intracellular concentrations of glucose-6-phosphate in the erythrocyte, 3) a mixed cooperativity of the phosphoenolpyruvate (PEP)-binding process of PK, 4) a decreased nucleotide specificity with guanosine diphosphate and uridine diphosphate, and 5) a lowered affinity for adenosine diphosphate. The most significant criterium found with all heterozygotes was a mixed cooperativity of the PEP-binding process caused by the presence of a mixture of normal and mutant PK.
INTRODUCTION
Deficiency of erythrocyte pyruvate kinase (ATP: pyruvate phosphotransferase E.C.2.7.1.40, PK) was first shown by Valentine et al. [l] to cause hereditary nonspherocytic hemolytic anemia. Apparently in most cases of PK deficiency mutant enzymes with abnormal characteristics are produced, whereas in the absence of consanguinity the majority of PK variants are considered to be compound-heterozygous for two mutant enzymes. These patients, as well as true homozygotes, show hemolytic anemia with different degrees of severity.
With a few exceptions, heterozygotes of PK deficiency are clinically and haematologically normal but often show slightly elevated levels of reticulocytes. The PK activity is between 35% and 110% of the normal value. Additionally, the intracellular concentrations of metabolites as ATP, 2,3-diphosphoglycerate (2,3-DPG) and glucose-6-phosphate (G-6-P) frequently are changed to some extent, compared to the normal values.
A recent publication standardizing techniques to characterize PK variants allows a comparison of results from different laboratories, as well as the identification of variants. Moreover, biochemical and clinical parameters can now be better correlated [2] . Recently we could demonstrate that chronic hemolysis is mainly caused by the loss of the allosteric properties of the mutant enzyme [3] .
The goal of the present study was to find criteria so that one can distinguish between normal individuals and heterozygotes on the one hand and compound heterozygotes on the other hand. Biochemical and enzyme kinetic parameters together with the concentrations of some metabolites in the erythrocyte should serve as a tool for this purpose.
MATERIALS AND METHODS Subjects
The PK was studied from the hemolysates of 23 patients suffering from PK deficiency, and from their 18 families consisting of 36 parents and five heterozygous siblings; the enzymes of four normal siblings were also studied.
The patients were 11 children aged 4-12 years and 12 persons aged 17-30 years; five of the latter group were females. The parents were between 28 and 60 years old and were not related. The five heterozygous and the four normal siblings were between 8 and 24 years of age.
Twenty-two of the 4 1 heterozygotes examined were males; 18 of the 19 females were in the menstruation age group.
Twenty healthy students and technicians aged 20-27 years served as controls; eight of them were females.
Reagents
All reagents, substrates, and auxiliary enzymes were of the highest available purity and were purchased from Merck, Darmstadt, FRG, and Boehringer, Mannheim, FRG .
Methods
Routine hematological studies and the hemoglobin determination were performed by standard methods [4] . 2,3-DPG concentration was determined according to Ericson and de Verdier [5] , whereas the concentrations of other internal phosphates-G-6-P, ATP, and ADP--were measured according to Minakami et al. [6] . In order to measure low concentrations reproducibly a sensitive Cary 218 photometer was used. A calibration curve was made with G-6-P concentrations varying between 0.01 and 0.3 pmol/ml RBC.
The method of Lowry et al. [7] was used with bovine serum albumin as a standard to measure the protein concentration. Hemolysate was prepared according to the method of Beutler et al. [8] and dialyzed prior to use. PK activity in the hemolysate was measured according to an optimized assay procedure (Lakomek et al.) [9] at 334 nm and 37°C using computerized Zeiss PMQ3 or Kontron 820 spectrophotometers connected online to a PDPlU44 computer. The assay composition was as follows (final concentrations in a total volume of 2.0 ml): 100 mmol/l iter triethanolamineiHC1 0. 5 The parameter describing cooperativity (nH) was obtained from the well-known Hill plot, whereas a Scatchard plot [ 141 gave additional information about positive, negative, or mixed cooperativity .
A computer program especially designed by Wieker et al. [ 151 for the determination of kinetic parameters from sigmoidal steady-state kinetics was used to account correctly for complexities that arise with cooperative systems in order to evaluate the correct values of V, , , , KoSS and the Hill coefficient. Based upon our earlier experience [ 161 we recommend that the substrate concentration be varied over a wide range below and above the KO 5s value and that the data be evaluated according to a procedure similar to that of Wieker 
RESULTS
In 41 parents and heterozygous siblings of 23 patients suffering from PK deficiency the concentrations of internal phosphates were determined, and the mutant enzymes were biochemically characterized. A change of the regulatory properties of the PK was used to prove heterozygosity of the siblings.
The patients suffering from mild hemolysis without anemia showed a mean hemoglobin value of 14.8 g/dl (hematocrit 45%); those with mild anemia showed 10.2 g/dl (hematocrit 31%); and those with severe clinical course showed 7.5 g/dl (hematocrit 22%).
The heterozygotes were not clinically affected and exhibited normal hemoglobin concentrations (14.5 g/dl) and hematocrit values (44%). Females had a mean hemoglobin concentration of 13.9 g/dl, and males had a mean of 15.2 g/dl, independent of their age. No het-zymes of normal individuals, heterozygotes, and compound-heterozygotes. Normal PK shows a positive cooperative behaviour during substrate binding and therefore exhibits the characteristic features of an allosteric enzyme as given in Figure 2 . The Michaelis-Menten plot shows a sigmoidal curve, i.e., a weak activity at low substrate level, which rapidly increases at substrate concentrations around the KosS value. At higher substrate concentrations the curve levels off. Irrespective of the plotting method (Lineweaver-Burk, Hanes, and EadieHofstee) for determination of KO ss and V,,,, essentially identical results were obtained. The cooperativity parameters (nH) were evaluated from the Hill and Scatchard
The mutant enzymes-the so-called PK variants-however, have lost or changed their allosteric regulation, exhibiting noncooperativity (Fig. 3 ) or negative cooperativity (Fig. 4) as evidenced by hyperbolic Michaelis-Menten plots [3, 16] . In contrast to the kinetic behaviour found with normal individuals and compound heterozygotes, the enzymes of the heterozygotes studied so far showed a mixed cooperative substrate binding with positive cooperativity at low substrate concentrations and negative cooperativity at high substrate level (Fig. 5 ).
This indicates a mixture of normal and defective enzymes and becomes evident in all reaction kinetic plots with the exception of the Michaelis-Menten plots. In the Hill plot there is a region where the negative and positive part of the curve overlap as a consequence of the mixed cooperativity .
The Hill coefficients (nH = 1.2-2) as given in Table   I1 are calculated assuming of a predominant positive cooperative substrate binding mechanism and are compared with those of the compound heterozygotes and the controls. In Table I1 the most important enzyme kinetic data obtained with the controls, the compound heterozygotes, and the heterozygotes are summarized. Eighty percent of the heterozygotes show a normal affinity of PK to the substrate phosphoenolpyruvate (PEP), whereas the remaining 20% show a lowered Koss PEP, indicating higher affinity. In contrast to this finding, 80% exhibit a decreased affinity for the cosubstrate ADP, but in some cases a normal or increased affinity for ADP was observed. With respect to the nucleotide specificity all the heterozygotes showed a normal enzyme activity with cytidine diphosphate (CDP); the activity with guanosine (GDP) diphosphate and uridine diphosphate (UDP), however, was decreased in 90% of all cases. Compared to ADP the PK activity with GDP and UDP was lowered to 30-50% and 40-60%, respectively.
Thermostability and temperature of denaturation of the mixture of isoenzymes of the heterozygotes are not given in this table. The thermostability (incubating the PK for 60 min at 53°C) was reduced in 50% of the cases. With plots. 
2.3-DPG (pmollml RBC) G-6-P (pmollml RBC)
PK activity (% of normal activity) erozygous proband was anemic from other causes, and there was no increase of indirect bilirubin concentrations indicating hemolysis in this subjects. In Table I , reticulocyte counts, substrate concentrations, and PK activity obtained with heterozygotes are compared with those of compound heterozygotes and normal individuals.
As presented in Table I only four heterozygotes showed a normal number of reticulocytes (0.5-1.5%), whereas 37 exhibited elevated reticulocyte counts between 1.6% and 4.5% (mean value 2.7 & 0.83 SD). The level of 2,3-DPG was elevated in about 30% of the heterozygotes up to 1.5-fold (7.15 pmol/ml red blood cells), whereas G-6-P concentrations were increased in 80% of the heterozygotes up to twofold compared to the controls. The internal ATP and ADP concentrations of the red blood cells deviated only slightly from the normal values and, therefore, are not given in this table. As shown in Table I , and more evidently in Figure 1 , the PK activity of the majority of the heterozygotes was between 50% and 85% of the normal activity; in only one case 35% activity was found, whereas seven probands showed normal values. Concerning the patients with PK deficiency approximately 30% had a relatively high residual enzyme activity of more than 100%.
Alterations of the regulatory properties of PK are the best biochemical criteria to distinguish between the en- respect to the temperature of denaturation, 60% of the enzymes showed a higher value than the normal enzymes, whereas 40% denature within the normal temperature range (i.e., 53-68°C). However, there was no correlation between the thermostability at 53°C and the temperature of denaturation; i.e., enzymes with increased temperature of denaturation did not necessarily exhibit alterations in the thermostability.
crease of G-6-P concentration in the red blood cells in 80% of the probands.
The most important biochemical parameter found with all heterozygotes was mixed cooperativity of the PK during substrate binding caused by the presence of a mixture of normal and mutant enzyme. At low substrate concentrations the mixture of isoenzymes exhibits positive cooperativity , whereas at high substrate concentrations negative cooperative binding behaviour predominates; this results in an "over-all'' Hill coefficient between 1.2 and 2.0, which is rather problematic as it certainly does not describe a single elementary binding process. However, it has to be emphasized that mixed cooperative substrate binding can also occur in case of compound heterozygotes. We could show previously [20] that the reticulocyte PK of patients suffering from PK deficiency shows positive cooperative behaviour of the PEP binding, and its activity is higher than that of the erythrocyte PK. If the number of reticulocytes increases to 20-30% in a red blood cell suspension-this occurs mainly with splenectomized patients-mixed cooperative behaviour would also be observed, but in this case it would be due to a mixture of the reticulocyte PK (positive cooperative) and the defective erythrocyte PK (non-or negative cooperative).
With about 90% of the heterozygotes the enzyme activity of the PK with the nucleotides GDP and UDP was less than normal, and in 80% of the cases the affinity for its cosubstrate ADP was decreased.
These five criteria not only allow an unambigous diagnosis of heterozygosity for PK deficiency but in most cases also prove the occurrence of a PK variant-without the extensive biochemical characterization according to the recommendations of the International Committee for Standardization in Haematology [2] . With the aid of these five criteria, together with the determination of the enzyme activity, we are able to solve the following diagnostic problems:
DISCUSSION
For the diagnosis of heterozygosity for PK deficiency the residual enzyme activity alone is only of limited value (cf. Fig. 1) . The relatively high PK activity values occasionally found in one-half of the patients and in many heterozygotes can be explained by increased reticulocyte counts; the reticulocyte PK has been reported to exhibit a much higher activity than the erythrocyte enzyme [17] [18] [19] . The following list of haematological and kinetic parameters can be used to identify the enzymes of heterozygotes:
1. Slight reticulocytosis (up to 5% reticulocytes) 2. Up to twofold increase of the intracellular concentra-3. Mixed cooperativity of PK during PEP-binding
Decreased nucleotide specificity with GDP and UDP

Lowered affinity for ADP
The two most remarkable haematological alterations with heterozygotes were a slight reticulocytosis observable with 90% of the probands and up to a twofold intions of G-6-P 
4.
For evidencing compound-heterozygosity for PK deficiency the studies have always to be extended to the parental enzymes. Only if one succeeds in demonstrating a mutant PK besides the normal paternal and maternal enzyme can one assume that the patient carries the genes for two different anomal PK allels.
